Opioid-based therapies remain a mainstay for chronic pain management, but unwanted side effects limit therapeutic use. We compared efficacies of brain-permeant and -impermeant inhibitors of fatty acid amide hydrolase (FAAH) in suppressing neuropathic pain induced by the chemotherapeutic agent paclitaxel. Paclitaxel produced mechanical and cold allodynia without altering nestlet shredding or marble burying behaviors. We compared FAAH inhibitors that differ in their ability to penetrate the central nervous system for antiallodynic efficacy, pharmacological specificity, and synergism with the opioid analgesic morphine. (39-(aminocarbonyl)[1,19-biphenyl]-3-yl)-cyclohexylcarbamate (URB597), a brain-permeant FAAH inhibitor, attenuated paclitaxel-induced allodynia via cannabinoid receptor 1 (CB 1 ) and cannabinoid receptor 2 (CB 2 ) mechanisms. URB937, a brainimpermeant FAAH inhibitor, suppressed paclitaxel-induced allodynia through a CB 1 mechanism only. 5-[4-(4-cyano-1butyn-1-yl)phenyl]-1-(2,4-dichlorophenyl)-N-(1,1-dioxido-4thiomorpholinyl)-4-methyl-1H-pyrazole-3-carboxamide (AM6545), a peripherally restricted CB 1 antagonist, fully reversed the antiallodynic efficacy of N-cyclohexyl-carbamic acid, 39-(aminocarbonyl)-6-hydroxy[1,19-biphenyl]-3-yl ester (URB937) but only partially reversed that of URB597. Thus, URB937 suppressed paclitaxel-induced allodynia through a mechanism that was dependent upon peripheral CB 1 receptor activation only. Antiallodynic effects of both FAAH inhibitors were reversed by N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4methyl-1H-pyrazole-3-carboxamide (AM251). Antiallodynic effects of URB597, but not URB937, were reversed by 6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)methanone (AM630). Isobolographic analysis revealed synergistic interactions between morphine and either URB597 or URB937 in reducing paclitaxel-induced allodynia. A leftward shift in the dose-response curve of morphine antinociception was observed when morphine was coadministered with either URB597 or URB937, consistent with morphine sparing. However, neither URB937 nor URB597 enhanced morphine-induced deficits in colonic transit. Thus, our findings suggest that FAAH inhibition may represent a therapeutic avenue to reduce the overall amount of opioid needed for treating neuropathic pain with potential to reduce unwanted side effects that accompany opioid administration.
Introduction
Opioids are recognized as a critical component of the analgesic ladder of the World Health Organization (Vargas-Schaffer, 2010) . However, therapeutic properties are accompanied by adverse side effects (e.g., constipation, tolerance, abuse liability, and respiratory depression) (Henry et al., 2015) . Prescription opioid abuse (Olsen et al., 2006; Manchikanti et al., 2012) has contributed to opioid overdose deaths that have reached epidemic proportions in the United States (Manchikanti et al., 2012; Paulozzi, 2012) . Thus, there is an urgent need to develop alternative therapeutic interventions for chronic pain that are safe, nontoxic, and nonaddictive.
The endocannabinoid system consists of cannabinoid receptors, endocannabinoids (e.g., anandamide and 2-arachidonoyl glycerol), and enzymes catalyzing the synthesis and degradation of these endocannabinoids. Activation of cannabinoid receptor 1 (CB 1 ) or cannabinoid receptor 2 (CB 2 ) produces antinociceptive efficacy in preclinical pain models (Rahn and Hohmann, 2009; Woodhams et al., 2017) . However, direct CB 1 activation also produces tolerance and unwanted side effects (i.e., psychoactivity, withdrawal, motor impairment) (Deng et al., 2015) . Inhibitors of endocannabinoid deactivation represent an alternative approach to exploit the therapeutic potential of endocannabinoid signaling while circumventing unwanted side effects. Endocannabinoid tone can be enhanced indirectly through inhibition of enzymes catalyzing endocannabinoid hydrolysis. Fatty acid amide hydrolase (FAAH) is the major enzyme catalyzing degradation of anandamide (Cravatt et al., 1996) , whereas monoacylglycerol lipase (MGL) is the major enzyme catalyzing hydrolysis of 2-arachidonoylglycerol (Dinh et al., 2002) . Inhibitors of both enzymes suppress nociceptive behaviors in rodent pain models Schlosburg et al., 2010; Guindon et al., 2013) . FAAH inhibitors also lack typical cannabimimetic effects that accompany direct CB 1 receptor activation Soukupová et al., 2010; Guindon et al., 2013; Kwilasz et al., 2014; Sakin et al., 2015) . The peripherally-restricted FAAH inhibitor N-cyclohexyl-carbamic acid, 39-(aminocarbonyl)-6-hydroxy[1,19-biphenyl]-3-yl ester (URB937) displays antinociceptive efficacy similar to central nervous system (CNS)-penetrant FAAH inhibitors in preclinical studies (Clapper et al., 2010; Moreno-Sanz et al., 2011; Sasso et al., 2012 Sasso et al., , 2015 . However, although CNS-penetrant FAAH inhibitors are generally well tolerated (Li et al., 2012; Wagenlehner et al., 2017) , they lacked efficacy in clinical trials Bradford et al., 2017; Wagenlehner et al., 2017) . Furthermore, genetic deletion of FAAH produced central sensitization in a model of inflammatory pain (Carey et al., 2016) , suggesting that sustained FAAH inhibition may be pronociceptive under certain conditions. Consequently, peripheral FAAH inhibition alone could be a sufficient and preferable therapeutic strategy for suppressing pathologic pain clinically compared with global FAAH inhibitors.
Cannabinoid and opioid receptor systems interact (Abrams et al., 2011; Befort, 2015) . Cannabinoid agonists enhance efficacy of the opioid analgesic morphine in models of visceral pain (Miller et al., 2012) , neuropathic pain (Grenald et al., 2017) , arthritis (Cox et al., 2007) , and acute tail-flick antinociception (Cichewicz and McCarthy, 2003; Cichewicz, 2004; Tham et al., 2005) . Both FAAH and MGL inhibitors enhance morphine's antinociceptive efficacy in a neuropathic pain model without enhancing unwanted side effects on gastric motility (Wilkerson et al., 2016 (Wilkerson et al., , 2017 . Whether synthetic opioids interact beneficially with peripherally restricted FAAH inhibitors in a neuropathic pain state has not been previously reported. The contribution of FAAH inhibition outside the CNS to the antiallodynic efficacy of brain-permeant FAAH inhibitors remains poorly understood, and interactions between opioids and cannabinoids in modulating chemotherapy-induced neuropathic pain have never been evaluated.
Paclitaxel produces robust, long-lasting allodynia in 30%-40% of patients (Scripture et al., 2006) . Characteristic mechanical and cold hypersensitivities have been observed in the distal extremities in both people (Cata et al., 2006) and rodents (Polomano et al., 2001; Deng et al., 2012; Slivicki et al., 2016; Smith et al., 2017; Toma et al., 2017) . We evaluated the impact of paclitaxel on evoked pain sensitivity as well as on nestlet-shredding and marble-burying behaviors, behaviors that may reflect affective states associated with neuropathic pain (Wilkerson et al., 2018) . We compared the antiallodynic effects of peripherally restricted (URB937) and centrally penetrating (39-(aminocarbonyl) [1,19-biphenyl]-3yl)-cyclohexylcarbamate (URB597) inhibitors of FAAH with morphine. URB937 is actively extruded from the CNS by an ATP-binding cassette transporter [ABCG2; see Clapper et al. (2010) , Moreno-Sanz et al. (2011) ] and is, therefore, operationally defined in this report as brain impermeant. We evaluated contributions of CB 1 and CB 2 receptors to therapeutic effects of URB597 and URB937 in paclitaxel-treated mice using a peripherally restricted CB 1 (5-[4-(4-cyano-1butyn-1-yl)phenyl]-1-(2,4-dichlorophenyl)-N-(1,1-dioxido-4-thiomorpholinyl)-4-methyl-1H-pyrazole-3-carboxamide (AM6545)) antagonist as well as brain-penetrant CB 1 [N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4methyl-1H-pyrazole-3-carboxamide (AM251) (Gatley et al., 1997) ] and CB 2 [6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1Hindol-3-yl](4-methoxyphenyl)methanone (AM630) (Hosohata et al., 1997) ] antagonists. We compared morphine's antiallodynic efficacy when administered in combination with URB597 or URB937 using isobolographic analysis. Finally, we evaluated the impact of synergistic doses on unwanted side effects of opioids in a colonic motility assay.
Materials and Methods
Subjects. One hundred sixty-four adult male C57BL/6J mice 3 months of age were purchased from Jackson Laboratory (Bar Harbor, ME). Animals were single housed in a temperaturecontrolled facility with food and water ad libitum and maintained on a 12-hour light-dark cycle (7 AM to 7 PM). All experimental procedures were approved by the Bloomington Institutional Animal Care and Use Committee of Indiana University and followed the guidelines of the International Associated for the Study of Pain (Zimmermann, 1983) .
Drugs and Chemicals. Paclitaxel (Tecoland Corporation, Edison, NJ) was dissolved in a 1:1:18 ratio of cremophor EL:ethanol:saline and administered at a volume of 6.67 ml/kg. URB597, URB937, AM251, AM630 (all from Cayman Chemical Company, Ann Arbor, MI), and morphine sulfate (Sigma-Aldrich, St. Louis, MO) were used. AM6545 was synthesized by the authors [V.K.V. and A.M. (Tam et al., 2010) ]. Drugs were dissolved in vehicle consisting of 20% dimethylsulfoxide, 8% ethanol, 8% emulphor, and 64% saline and administered via intraperitoneal injection in a volume of 5 ml/kg. In combination studies, drugs were injected intraperitoneally in a volume of 2.5 ml/kg. General Experimental Protocol. Behavioral experiments were conducted by a single experimenter (R.A.S., S.A.S., or V.I.) blinded to the treatment condition. Mice were randomly assigned to experimental conditions. Assessment of Paw-Withdrawal Thresholds to Mechanical Stimulation. Paw-withdrawal thresholds (in grams) to mechanical stimulation were measured using an electronic von Frey anesthesiometer (Alemo 2390-5; IITC, Woodland Hills, CA) as described previously (Lee et al., 2015; Slivicki et al., 2016) . Mice were placed on an elevated metal mesh table where they were habituated under individual, inverted plastic cages for at least 20 minutes prior to testing. Following the cessation of exploratory behaviors, a force was applied to the midplantar region of the hind paw with a semiflexible tip connected to the anesthesiometer. Mechanical stimulation was terminated when the mouse withdrew its paw from the mesh surface. The threshold for paw withdrawal was determined in duplicate in each paw; responsiveness in each paw was averaged into a single determination for each animal.
Assessment of Cold Allodynia. Sensitivity to cold stimulation was measured in the same animals used to assess mechanical pawwithdrawal thresholds using the acetone method . Approximately 5-6 ml of acetone was applied to the plantar surface of the hind paw using the open end of a blunt 1-ml syringe for each application. Care was taken by the experimenter to ensure that only the acetone was in contact with the paw and that mechanical stimulation was not applied inadvertently with the hub of the syringe itself. The total time the animal spent attending to the acetonestimulated paw (i.e., elevation, shaking, or licking) was recorded for 1 minute following each acetone application. The duration of time animals spent attending to the acetone-stimulated paw was assessed three times in each paw; responsiveness in each paw was then averaged into a single determination for each animal.
Marble Burying. Methods were adapted from Angoa-Pérez et al. (2013) and Wilkerson et al. (2018) . Assessment of marble burying was performed during the maintenance phase of paclitaxel-induced neuropathy, when neuropathic pain was established and stable. In brief, 20 glass marbles (each 1.5 cm in diameter) were placed on the surface of 5 cm of bedding in a standard polycarbonate cage (∼27 Â 16 Â 14 cm). Mice were placed in the cage away from the marbles and allowed to behave undisturbed for 30 minutes and were then removed from the test cage. The number of marbles that were buried 50% or greater was assessed (Kinsey et al., 2011) . Illumination in the room at the level of the cage lid of the observation chambers was approximately 110 lux (ranging from 72 to 150 lux). Food and water were not available to mice during testing.
Nestlet Shredding Procedure. Nestlet shredding was evaluated as described previously by Negus et al. (2015) and Angoa-Pérez et al. (2013) . In brief, nestlet-shredding testing commenced on day 30 following paclitaxel or cremophor administration in the same animals used to assess marble burying. The typical bedding was removed 48 hours prior to testing, and 5 Â 5 cm of "nestlet" composed of virgin cotton was placed in the home cage. On the test day, mice were habituated for 10 minutes in the test room. Following habituation, the mouse was temporarily transferred to a transfer cage in the same room so that nestlet material that was present in the cage could be unobtrusively removed, and six (1.7 Â 2.5 cm) nestlets were added to the home cage. The mouse was reintroduced to the home cage away from the nestlet, and animals were subsequently allowed to explore the chamber undisturbed for 100 minutes. The number of nestlet "zones" (i.e., if nestlet was removed from its initial placement) cleared was quantified. The percentage of nestlet shredded was also weighed and calculated as follows: [(unshredded nestlet pretest 2 unshredded nestlet posttest)/unshredded nestlet pretest] Â 100. Illumination in the room at the level of the cage lid of the observation chambers was approximately 120 lux (ranging from 80 to 165 lux). Food and water were not available to mice during testing.
Paclitaxel-Induced Neuropathic Pain. Paclitaxel (4 mg/kg i.p.) or its cremophor-based vehicle was administered once daily every other day over a 6-day period as described previously . Behavioral testing occurred on days 0, 4, 7, and 15 as described previously (Deng et al., 2015; Slivicki et al., 2017) . All pharmacological treatments began after day 15 following the initiation of paclitaxel/ cremophor vehicle dosing, when behavioral hypersensitivities are established and considered stable (i.e., neuropathy maintenance).
Dose-Response Curves. Following the establishment of paclitaxelinduced hypersensitivities to mechanical and cold stimulation, URB597 (0.01, 0.1, 0.3, 1, 3, and 10 mg/kg i.p.), URB937 (0.1, 0.3, 1, 3, and 10 mg/kg i.p.), and morphine (1, 3, 5, 10, 20, and 30 mg/kg i.p.) were administered in escalating doses every 2-3 days. Behavioral testing occurred 2 hours post injection of URB597/URB937 and 30 minutes post injection of morphine when effects were expected to be maximal Lin et al., 2018) . The dose-response curve for URB597 was published previously and is used here with permission. Assessments of dose-response curves for URB597, URB937, and morphine alone and in combination with URB597 and URB937 were all performed by the same experimenter (R.A.S.) under blinded conditions and used an identical protocol. ED 50 values were calculated for suppression of both mechanical and cold allodynia induced by paclitaxel.
Evaluation of Pharmacological Specificity. The peripherally restricted CB 1 antagonist AM6545 (10 mg/kg i.p.), the global CB 1 antagonist AM251 (5 mg/kg i.p.), and the CB 2 antagonist AM630 (5 mg/kg i.p.) were administered 1.5 hours following intraperitoneal dosing with each FAAH inhibitor to produce reversal of established antiallodynic efficacy. Thus, pharmacological specificity of FAAH inhibitor therapeutic actions was evaluated by delivering antagonists 30 minutes prior to behavioral testing when antiallodynic effects of FAAH inhibitors would be expected to be maximal (i.e., 1.5 hours following URB597 and URB937 injection) (Guindon et al., 2013) .
Isobolographic Comparisons. ED 50 values for morphine, URB597, and URB937 in suppressing paclitaxel-induced responsiveness to mechanical and cold stimulation were used to identify combination doses to be administered in a 1:1 ratio. Combination doses, based on the ED 50 values of URB937 1 morphine or URB597 1 morphine, were administered in an escalating fashion with 2-to 3-day spacing between doses, and the experimentally observed ED 50 value of the combination was calculated and compared with the corresponding theoretical ED 50 value. Timing of behavioral testing was consistent with what was used to generate individual compound dose-response curves (i.e., 2 hours post injection of URB597/URB937 and 30 minutes post injection of morphine). Synergistic combination doses derived from individual dose-response curves were as follows: mechanical: URB597 (0.04, 0.09, 0.17, 0.34, 0.68 mg/kg i.p.), URB937 (0.02, 0.04, 0.08, 0.17, 0.33 mg/kg i.p.), morphine (0.42, 0.84, 1.67, 3.34, 6.68 mg/kg i.p.); cold: URB597 (0.08, 0.15, 0.31, 0.62, 1.23 mg/kg i.p.), URB937 (0.05, 0.09, 0.19, 0.37, 0.74 mg/kg i.p.), morphine (0.78, 1.56, 3.13, 6.25, 12.5 mg/kg i.p.).
Colonic Transit. Methods were based on Raffa et al. (1987) with minor modifications. Mice were fasted for 24 hours prior to testing. On the test day, mice were allowed to habituate 30 minutes prior to administration of pharmacological treatments. A glass bead (∼2 mm in diameter; item number 18000-46; Fine Science Tools, Foster City, CA) was inserted 2 cm in the rectal colon using a semiflexible rubber filament. Separate groups of mice received morphine (3.34 or 10 mg/kg i.p.), URB597 (0.33 mg/kg i.p.), URB937 (0.17 mg/kg i.p.), URB597 (0.33 mg/kg i.p.) 1 morphine (3.34 mg/kg i.p.), URB937 (0.17 mg/kg i.p.) 1 morphine (3.34 mg/kg i.p.), or vehicle to evaluate the potential of either FAAH inhibitor to alter morphine-induced slowing of colonic motility. This study evaluated ED 50 doses identified in our assessments of paclitaxel-induced mechanical allodynia (i.e., the most common modality used to assess paclitaxel-induced neuropathic pain in the field) to limit unnecessary animal use. Timing of pharmacological manipulations was identical to that used in assessments of the impact of the same treatments on paclitaxel-induced neuropathic pain. The time to expel the bead (minutes) was recorded. The weight of fecal boli produced was also assessed over a 6-hour period beginning at the insertion of the pellet.
Statistical Analysis. Paw-withdrawal thresholds (mechanical) and duration of acetone-evoked behavior (cold) were calculated for each paw and averaged into a single determination for each mouse for each stimulus modality. Paired t tests were used to compare postpaclitaxel thresholds to baseline levels of responding. Two-way analysis of variance (ANOVA) was used to determine the dose response of URB597, URB937, and morphine in suppressing paclitaxel-induced mechanical and cold responsiveness relative to vehicle. One-way ANOVA was used to evaluate effects of pharmacological manipulations on mechanical and cold responsiveness, followed by Tukey's post hoc tests (for comparisons between groups). One-way ANOVA was used to evaluate the impact of antagonist treatments on changes in mechanical paw-withdrawal thresholds and duration of time spent attending to cold stimulation induced by FAAH inhibitors, followed by Tukey's post hoc tests. A priori comparisons were also made using Bonferroni's multiple comparison tests [which use the mean square Opioid Sparing of CNS-Permeant/-Impermeant FAAH Inhibitors error term from the overall ANOVA (Motulsky, 2013) ] and paired t tests, as appropriate. All statistical analyses were performed using GraphPad Prism version 5.02 for Windows (GraphPad Software, San Diego, CA; www.graphpad.com). P , 0.05 was considered statistically significant.
Isobolographic analysis (Tham et al., 2005; Tallarida, 2006 ) was performed to determine whether the combination of morphine with either FAAH inhibitor was additive or synergistic. To elucidate possible opioid-sparing effects, we also evaluated the impact of URB937 and URB597 on the dose response of morphine to suppress paclitaxel-induced mechanical and cold allodynia. Dose-response curves were constructed for URB937, URB597, and morphine as described earlier. Raw data [i.e., thresholds (in grams) or duration of response to acetone (seconds)] were converted to percentage baseline responding (i.e., prior to paclitaxel or cremophor vehicle treatment) using the following equation: (experimental value 2 postpaclitaxel baseline)/(prepaclitaxel baseline 2 postpaclitaxel baseline). ED 50 values were calculated using these values via GraphPad Prism 5.0 using nonlinear regression analysis. For all combinations, the ED 50 of morphine was plotted on the x-axis, and the ED 50 of URB937 or URB597 was plotted on the y-axis. A line drawn between the two ED 50 values represents the theoretical line of additivity. The 1:1 ED 50 combination doses of morphine with either URB937 or URB597 were generated separately for mechanical and cold modalities and applied in an escalating fashion with each compound dose increasing at a 2-to 3-day interval between each ascending dose. The experimental combination ED 50 values were generated using the combination dose-response curves and plotted against the theoretical values which were derived based on the individual ED 50 values alone as previously described . These values were compared statistically using Student's t test.
Results
General Experimental Results: Effects of Paclitaxel on Mechanical and Cold Stimulation. Paclitaxel decreased paw-withdrawal thresholds (F 1,10 5 34.67; P , 0.001), paw-withdrawal thresholds changed over time (F 3,10 5 46.67; P , 0.001), and the interaction between treatment and time was significant (F 3,10 5 33.90; P , 0.001) ( Fig. 1A) . Similarly, paclitaxel increased cold responsivity (F 1,10 5 30.56; P , 0.001), cold responsivity changed over time (F 3,10 5 69.30; P , 0.001), and the interaction between treatment and time was significant (F 3,10 5 54.12; P , 0.001) ( Fig. 1B ). There were no differences between any of the groups in the development of paclitaxel-induced mechanical (F 3,19 5 0.1687; P . 0.9) or cold (F 3,19 5 0.04731; P . 0.9) responsiveness at any time point (data not shown) prior to pharmacological Fig. 1 . Paclitaxel treatment produces hypersensitivities to mechanical and cold stimulation without altering marbleburying or nestlet-shredding behaviors. Paclitaxel treatment lowered the threshold for paw withdrawal (grams) to mechanical stimulation (A) and increased the duration of time spent attending to the paw stimulated with cold acetone relative to its cremophor vehicle (B). In a separate cohort of animals, paclitaxel treatment resulted in mechanical hypersensitivity during the maintenance phase of paclitaxel-induced allodynia (C) but did not affect marble burying (D), the number of nestlet zones cleared (E), or the overall percentage of nestlet shredded (F). Data are expressed as the mean 6 S.E.M. (n = 6-7 per group). *P , 0.05 and ***P , 0.001 vs. cremophor vehicle two-way ANOVA followed by Bonferroni post hoc test. Arrows denote when paclitaxel or cremophor vehicle was administered. inj, injection.
manipulations. Prior to administration of paclitaxel or its cremophor-based vehicle, the threshold for paw withdrawal and duration of time spent attending to the acetonestimulated paw did not differ between groups in any study [F 11,72 5 0.8182; P . 0.62 for each experiment (mechanical); F 11,72 5 1.165; P . 0.32 for each experiment (cold) in Figs. 2-5]. Moreover, prior to pharmacological manipulations, paclitaxel lowered the threshold for paw withdrawal to mechanical stimulation and increased the duration of the response to acetone [P , 0.05 for each experiment (mechanical); P , 0.05 for each experiment (cold) in Figs. 2-6] in a manner that did not differ between groups [F 11,72 5 0.6144; P . 0.81 for each experiment (mechanical); F 11,72 5 0.8; P . 0.57 for each experiment (cold) in Figs. 2-6 ].
Paclitaxel Induces Mechanical Hypersensitivity but Does Not Alter Nestlet Shredding or Marble Burying Behaviors. In mice used to assess possible pain-depressed behaviors (i.e., nestlet shredding and/or marble burying), mechanical responses differed between paclitaxel and cremophor vehicle-treated groups (F 1,12 5 37.73; P , 0.0001), mechanical responses were reduced relative to baseline responding (i.e., prior to paclitaxel/cremophor treatment) (F 1,12 5 21.52; P , 0.0006), and the interaction between treatment and time was significant (F 1,12 5 27.42; P , 0.0002) (Fig. 1C) . Mechanical thresholds were lower in paclitaxel-compared with cremophor vehicle-treated mice prior to the initiation of nestlet-shredding and marble-burying assessments (P , 0.0001 vs. cremophor) (Fig. 1C ).
In the same cohort of animals, paclitaxel did not alter marble burying behavior (P . 0.56) ( Fig. 1D) or change either the amount of nestlet shredded (P . 0.17) (Fig. 1E ) or the number of nestlet zones cleared (P . 0.14) ( Fig. 1F ) relative to cremophor vehicle-treated animals.
Brain-Permeant and -Impermeant Inhibitors of FAAH Dose-Dependently Reduce Paclitaxel-Induced Hypersensitivities to Mechanical and Cold Stimulation. URB597, URB937, and morphine all dose-dependently reduced mechanical hypersensitivities induced by paclitaxel relative to post-paclitaxel pre-injection responding (Fig. 2 , A and C) with corresponding ED 50 (95% confidence interval) values of 0.68 (0.41-1.14) mg/kg i.p. for URB597, 0.33 (0.18-0.63) mg/kg i.p. for URB937, and 6.68 (4.91-9.11) mg/kg i.p. for morphine.
Additionally, URB597, URB937, and morphine dosedependently reduced cold hypersensitivities induced by paclitaxel relative to post-paclitaxel pre-injection responding (Fig. 2, B and D) with ED 50 (95% confidence interval) values of 1.23 (0.81-1.87) mg/kg i.p. for URB597, 0.74 (0.46-1.22) mg/kg i.p. for URB937, and 12.5 (9.50-16.45) mg/kg i.p. for morphine.
Cannabinoid Receptor Antagonist Treatments Do Not Alter Paclitaxel-Induced Allodynia. None of the antagonist treatments, administered alone in the absence of FAAH inhibitors, altered paclitaxel-induced hypersensitivities to mechanical (F 3 , 22 5 2.783; P . 0.06) (Fig. 3A) or cold (F 3 , 22 5 1.772; P . 0.18) stimulation (Fig. 3B ) relative to vehicle. Figure legend shows the dose administered for each compound [mg/kg i.p. for (A and C) or log mg/kg i.p. for (C and D)]. The URB597 dose-response data were collected by the same experimenter (R.A.S.) and previously published . BL, baseline; PTX, post-paclitaxel.
Opioid Sparing of CNS-Permeant/-Impermeant FAAH Inhibitors
The Peripherally Restricted CB 1 Antagonist AM6545 Fully Reverses Antiallodynic Effects of URB937 but Only Partially Reverses Antiallodynic Effects of URB597. Following paclitaxel treatment, mechanical pawwithdrawal thresholds (F 4 , 36 5 19.36; P , 0.01) and time spent attending to cold stimulation (F 4 , 36 5 20.61; P , 0.01) differed between groups receiving FAAH inhibitors in either the presence or absence of AM6545 (Fig. 4 ). Both URB597 (1 mg/kg i.p.) and URB937 (1 mg/kg i.p.) increased pawwithdrawal thresholds in paclitaxel-treated mice relative to vehicle (P , 0.001 vs. vehicle for each comparison) (Fig. 4A ). AM6545 (10 mg/kg i.p.) fully reversed the antiallodynic actions of URB937 (P , 0.001 vs. URB937, P . 0.05 vs. vehicle) ( Fig. 4A ) but only partially reversed the antiallodynic actions of URB597 in attenuating paclitaxel-induced mechanical responsiveness (P , 0.05 vs. URB597, P , 0.01 vs. vehicle; Fig. 4A ).
In paclitaxel-treated mice, both URB597 (1 mg/kg i.p.) and URB937 (1 mg/kg i.p.) decreased cold response times relative to vehicle (P , 0.001 vs. vehicle for each comparison) (Fig. 4B ). AM6545 (10 mg/kg i.p.) did not reverse URB597-mediated attenuations in paclitaxel-induced cold response times (P . 0.05 vs. URB597, P , 0.001 vs. vehicle) but fully reversed URB937's effect on cold responsiveness (P , 0.01 vs. URB937, P . 0.05 vs. vehicle) (Fig. 4B ). Fig. 3 . AM6545, AM251, and AM630 do not alter paclitaxel-induced mechanical or cold allodynia. During the maintenance phase of paclitaxelinduced neuropathic pain, the peripherally restricted CB 1 antagonist AM6545, the CB 1 antagonist AM251 (5 mg/kg i.p.), and the CB 2 antagonist AM630 do not alter mechanical paw-withdrawal thresholds (A) or the duration of time spent attending to cold acetone (B). Data are expressed as the mean 6 S.E.M. (n = 5-12 per group). # P , 0.05 vs. prepaclitaxel baseline, one-way ANOVA followed by Tukey's post hoc test. Fig. 4 . The peripherally restricted CB 1 antagonist AM6545 fully reverses antiallodynic effects of URB937 and partially reverses antiallodynic effects of URB597. (A) AM6545 (10 mg/kg i.p.) fully reversed the efficacy of URB937 (1 mg/kg i.p.) in reducing paclitaxel-induced hypersensitivity to mechanical stimulation but only partially reversed the antiallodynic efficacy of URB597. (B) Paclitaxel-induced hypersensitivity to cold stimulation was attenuated by both URB597 and URB937. AM6545 reversed the efficacy of URB937 but not URB597 in reducing paclitaxel-induced hypersensitivity to cold stimulation. Data are expressed as the mean 6 S.E.M. (n = 5-12 per group). ***P , 0.001 vs. vehicle; XX P , 0.01 X vs. URB937, one-way ANOVA followed by Tukey's post hoc test; # P , 0.05 vs. prepaclitaxel baseline, paired two-tailed t test.
The CB 1 Antagonist AM251 Reverses the Antiallodynic Effects of Both URB937 and URB597. In paclitaxel-treated mice, mechanical paw-withdrawal thresholds (F 4 , 36 5 21.07; P , 0.01) and time spent attending to cold stimulation (F 4 , 36 5 21.27; P , 0.01) differed between groups receiving FAAH inhibitors in the presence and absence of the CB 1 antagonist AM251 (Fig. 5 ). Both URB597 (1 mg/kg i.p.) and URB937 (1 mg/kg i.p.) increased mechanical pawwithdrawal thresholds relative to vehicle (P , 0.001 vs. vehicle for each comparison) (Fig. 5A ). AM251 (5 mg/kg i.p.) fully reversed the attenuation of paclitaxel-induced mechanical allodynia produced by URB597 (P , 0.001 vs. URB597, P . 0.05 vs. vehicle) and URB937 (P , 0.001 vs. URB937, P . 0.05 vs. vehicle) (Fig. 5A ).
Both URB597 (1 mg/kg i.p.) and URB937 (1 mg/kg i.p.) decreased paclitaxel-induced cold response times relative to vehicle (P , 0.001 vs. vehicle for each comparison) ( Fig. 5B ). AM251 (5 mg/kg i.p.) reversed attenuations in paclitaxelinduced cold response times induced by either URB597 (P , 0.001 vs. URB597, P . 0.05 vs. vehicle) or URB937 (P , 0.01 vs. URB937, P . 0.05 vs. vehicle) (Fig. 5B) .
The CB 2 Antagonist AM630 Reverses the Antiallodynic Effects of URB597 but Not URB937. In paclitaxel-treated mice, mechanical paw-withdrawal thresholds (F 4 , 36 5 7.145; P , 0.01) and duration of responses to cold stimulation (F 4 , 36 5 18.76; P , 0.01) were altered in groups receiving FAAH inhibitors in the presence and absence of the CB 2 antagonist AM630. Both URB597 (1 mg/kg i.p.) and URB937 (1 mg/kg i.p.) increased mechanical paw-withdrawal thresholds relative to vehicle 6 . The CB 2 antagonist AM630 reverses the antiallodynic efficacy of URB597 but not URB937. The CB 2 antagonist AM630 (5 mg/kg i.p.) reversed the efficacy of URB597 (1 mg/kg i.p.) but not URB937 (1 mg/kg i.p.) in reducing paclitaxel-induced hypersensitivity to mechanical (A) and cold (B) stimulation. Data are expressed as the mean ED 50 6 S.E.M. (n = 6-12 per group). ***P , 0.001 vs. vehicle; + P , 0.05 vs. URB597, one-way ANOVA followed by Tukey's post hoc test; # P , 0.05 vs. prepaclitaxel baseline, paired two-tailed t test.
Opioid Sparing of CNS-Permeant/-Impermeant FAAH Inhibitors (P , 0.01 vs. vehicle for each comparison) (Fig. 6A ). AM630 (5 mg/kg i.p.) reversed the elevation of mechanical pawwithdrawal thresholds induced by URB597 (P , 0.05 vs. URB597, P . 0.05 vs. vehicle) but did not reliably reverse the actions of URB937 (P . 0.05 vs. URB937, P . 0.05 vs. vehicle) (Fig. 6A ).
Both URB597 (1 mg/kg i.p.) and URB937 (1 mg/kg i.p.) decreased cold response times relative to vehicle (P , 0.001 vs. vehicle for each comparison) in paclitaxel-treated mice (Fig. 6B ). AM630 (5 mg/kg i.p.) partially reversed the attenuation of paclitaxel-induced cold response times induced by URB597 (P , 0.05 vs. URB597, P , 0.05 vs. vehicle) but had no effect on the antiallodynic effects of URB937 (P . 0.05 vs. URB937, P , 0.001 vs. vehicle) (Fig. 6B) .
Morphine Synergizes with Brain-Permeant and Brain-Impermanent Inhibitors of FAAH. The combination of URB597 1 morphine suppressed paclitaxel-induced mechanical allodynia with an observed ED 50 of 2.05 (1.47-2.91) mg/kg i.p. (P , 0.05 vs. additive values, two-tailed t test), which was lower than the theoretical additive value of the same combination [ED 50 (95% confidence interval) of URB597 1 morphine: 3.68 (2.92-4.44) mg/kg i.p. (Fig. 7A ; Table 1) ]. Similarly, the combination of URB597 1 morphine suppressed paclitaxel-induced cold allodynia with an observed ED 50 [3.41 (2.43-4.77 ) mg/kg i.p.] that was lower that the theoretical additive value [6.87 (5.62-8.12 ) mg/kg i.p.] of the same combination (P , 0.05 two-tailed t test relative to additive values), consistent with antinociceptive synergism (Fig. 7B) .
Similarly, the combination of URB937 1 morphine suppressed paclitaxel-induced mechanical allodynia with an observed ED 50 of 1.47 (0.81-2.68) mg/kg i.p. (P , 0.05 vs.
additive values, two-tailed t test) that was lower than the theoretical additive value of the same combination [ED 50 (95% confidence intervals) of URB937 1 morphine: 3.51 (2.75-4.27) mg/kg i.p. (Fig. 7C; Table 1) ]. The combination of URB937 1 morphine also suppressed cold allodynia with an observed ED 50 [3.99 (2.86-5.85 ) mg/kg] that was lower that the theoretical additive value [6.62 (5.43-7.81 ) mg/kg i.p.] of the same combination (P , 0.05, two-tailed t test relative to additive values), consistent with antinociceptive synergism (Fig. 7D ).
URB597 and URB937 Produce a Leftward Shift in the Morphine Dose-Response Curve for Suppressing Paclitaxel-Induced Allodynia. The 1:1 ratio of morphine 1 URB597 shifted the overall ED 50 of morphine 3.6-fold [i.e., from 6.68 (4.90-9.11) to 1.86 (1.33-2.60) mg/kg i.p.] (Fig. 8A;   Fig. 7 . The brain-permeant FAAH inhibitor URB597 synergizes with morphine in reducing paclitaxel-induced allodynia. Morphine synergized with the centrally penetrating FAAH inhibitor URB597 in suppressing both mechanical (A) and cold (B) hypersensitivities as demonstrated by the observed ED 50 of each combination being significantly less than the theoretical ED 50 . Morphine produced synergistic antinociceptive effects with the peripherally restricted FAAH inhibitor URB937 in suppressing paclitaxel-induced mechanical allodynia (C) and cold allodynia (D) as demonstrated by the observed ED 50 of each combination being significantly less than the theoretical ED 50 . Data are expressed as the mean ED 50 6 S.E.M. (n = 6 per group). *P , 0.05 vs. theoretical additive values, two-tailed t test using Welch's correction. Table 2), whereas the morphine 1 URB937 combination shifted the ED 50 of morphine 4.8-fold [i.e., from 6.68 (0.49-9.11) to 1.398 (0.80-2.45) mg/kg i.p.] (Fig. 8C ; Table 2) in reducing paclitaxel-induced mechanical allodynia. Similarly, the morphine 1 URB597 combination lowered the ED 50 of morphine 4-fold [i.e., from 12.5 (9.50-16.50) to 3.10 (2.21-4.49) mg/kg i.p.] ( Fig. 8B; Table 2 ), whereas the morphine 1 URB937 combination shifted the morphine ED 50 3.3-fold [i.e., from 12.5 (9.50-16.50) to 3.77 (2.70-5.52) mg/kg i.p.] in suppressing paclitaxel-induced cold allodynia ( Fig. 8D ; Table 2 ). Combination Treatment with URB597 or URB937 Does Not Alter the Impact of Morphine on Colonic Motility or Fecal Boli Production. Pharmacological treatments altered colonic motility time (F 6.37 5 20.34; P , 0.0001). The high dose of morphine (10 mg/kg i.p.) increased overall colonic motility time (P , 0.01 vs. all groups). By contrast, neither URB597 (0.33 mg/kg i.p.) nor URB937 (0.17 mg/kg i.p.) impaired colonic motility relative to vehicle (P . 0.05). The synergistic dose of morphine (3.34 mg/kg i.p.) (P , 0.08 vs. vehicle; two-tailed t test) trended to increase overall colonic motility time relative to vehicle. Neither combination of URB597 1 morphine (P . 0.05) nor URB937 1 morphine (P . 0.05) impaired colonic motility relative to the synergistic dose of morphine alone (Fig. 9) .
A one-way ANOVA failed to reveal group differences in the weight of fecal boli produced (F 6,37 5 1.637; P 5 0.1715). Nonetheless, Bonferroni's multiple comparison test [which uses the mean square error term from the overall ANOVA (Motulsky, 2013) ] revealed that the high dose of morphine (10 mg/kg i.p.) decreased the number of fecal boli produced (P 5 0.0329 vs. vehicle). Neither URB597 (0.33 mg/kg i.p.) nor URB937 Fig. 8 . Both brain-permeant and -impermeant FAAH inhibitors produce a leftward shift in the dose-response curve for morphine antinociception in suppressing paclitaxel-induced neuropathic pain. When coadministered in a 1:1 ratio based on ED 50 values, URB597 shifted the dose response of morphine leftward for suppressing paclitaxel-induced hypersensitivities to both mechanical (A) and cold (B) stimulation. When coadministered in a 1:1 ratio based on ED 50 values, URB937 also shifted the dose-response curve of morphine leftward for suppressing hypersensitivities to both mechanical (C) and cold (D) stimulation. Data are expressed as the mean ED 50 6 S.E.M. (n = 6 per group). 
Discussion
Cannabinoids produce opioid-sparing effects in preclinical studies (Nielsen et al., 2017) . Clinically, cannabinoids enhance opioid agonist-induced suppression of the unpleasantness of pain and reduce overall pain scores (Roberts et al., 2006; Abrams et al., 2011) . Coadministration of cannabis with oxycodone increased both analgesia and abuse-related subjective effects of oxycodone in humans (Cooper et al., 2018) . A recent meta-analysis suggested additional clinical studies with appropriate controls are needed to evaluate opioidsparing effects of cannabinoids in people (Nielsen et al., 2017) . In primates, D 9 -tetrahydrocannabinol enhances morphine antinociceptive efficacy and tolerance but does not enhance morphine withdrawal (Gerak and France, 2016) . FAAH inhibitors do not produce robust reinforcing effects in primates (Justinova et al., 2008 (Justinova et al., , 2015 consistent with limited abuse liability. Thus, FAAH inhibitors may enhance opioid analgesic efficacy without potentiating abuse-related subjective effects of opioids. To our knowledge, antinociceptive efficacy of FAAH inhibitors has not been evaluated in primates. However, both MGL and FAAH inhibitors enhance morphine's antiallodynic effects in a mouse model of neuropathic pain (Wilkerson et al., 2016 (Wilkerson et al., , 2017 . The present study demonstrated that both brain-permeant and -impermeant inhibitors of FAAH reduce paclitaxel-induced neuropathic pain by engaging cannabinoid receptor mechanisms that are partially overlapping but distinct. Moreover, both the CNS-penetrant and the peripherally-restricted FAAH inhibitors produced synergistic antiallodynic effects with the opioid analgesic morphine.
Marble burying (Wilkerson et al., 2018) , wheel running (Sheahan et al., 2017) , and nestlet shredding (Negus et al., 2015) have been postulated to assess pain-depressed behaviors. Therefore, we examined the impact of paclitaxel on marble-burying and nestlet-shredding behaviors. We did not find any effect of paclitaxel on either nestlet-shredding or marble-burying behaviors, consistent with previous reports evaluating nestlet shredding in a different paclitaxel dosing paradigm (Toma et al., 2017) . Therefore, we focused the results of our combination studies on measures of evoked pain. This is the first report comparing efficacy of brain-permeant and -impermeant inhibitors of FAAH in the paclitaxel model of painful peripheral neuropathy. FAAH inhibition reduces inflammatory (Jayamanne et al., 2006; Ahn et al., 2011) , neuropathic Ahn et al., 2011) , and visceral (Sakin et al., 2015) pain in animal models. Inhibition of FAAH reduces cisplatin-induced neuropathic nociception in rats (Khasabova et al., 2012; Guindon et al., 2013) . However, both brain-permeant and -impermeant FAAH inhibitors produce antiallodynic efficacy in cisplatin-treated rats that can be blocked by either CB 1 or CB 2 antagonists (Guindon et al., 2013) . Both brain-permeant and -impermeant inhibitors of FAAH show similar efficacy, albeit different potencies, in suppressing paclitaxel-induced neuropathic pain, consistent with other reports in different pain models (Clapper et al., 2010; Miller et al., 2012; Sasso et al., 2012; Guindon et al., 2013) . Our data demonstrate that inhibition of FAAH outside the CNS is sufficient to reduce paclitaxel-induced neuropathic pain and is solely dependent upon activation of peripheral CB 1 receptors. In line with previous reports, the antiallodynic efficacy of URB937 was CB 1 mediated (Clapper et al., 2010) , whereas that of URB597 was dependent on both CB 1 and CB 2 receptor activation (Jayamanne et al., 2006; Jhaveri et al., 2006; Desroches et al., 2008 Desroches et al., , 2014 Naidu et al., 2010) .
The present study is the first to evaluate the role of peripheral CB 1 receptors in ongoing antiallodynia using the peripherally-restricted CB 1 antagonist AM6545. AM6545 fully reversed antiallodynic efficacy of URB937 and partially reversed the antiallodynic efficacy of URB597. Thus, both central and peripheral mechanisms contribute to the antiallodynic efficacy of URB597, and CNS-penetrant and peripherallyrestricted FAAH inhibitors act through distinct mechanisms. FAAH inhibition may also elicit effects independent of cannabinoid receptors that are mediated by peroxisome proliferator-activated receptor a (Hasanein et al., 2008; Sagar et al., 2008) , TRPV1 (Guindon et al., 2013; Starowicz et al., 2013) , and the m-opioid receptor (Jhaveri et al., 2006; Haller et al., 2008) , among others. Both AM6545 and AM251 fully reversed the antiallodynic effects of URB937, whereas AM630 failed to do so. Our studies suggest the utility of evaluating reversal by AM6545 for discerning the contribution of peripheral versus central antinociceptive mechanisms to ongoing antiallodynic efficacy of analgesic treatments.
In our study, both brain-permeant and -impermeant inhibitors of FAAH produced antinociceptive synergism with morphine. FAAH inhibition has been suggested to produce additive, but not necessarily synergistic, antinociceptive effects in mouse models of neuropathic pain induced by chronic constriction injury (Wilkerson et al., 2017) and visceral pain induced by intraperitoneal injection of acetic acid (Miller et al., 2012) . By contrast, palmitoylethanolamide, which produces peroxisome proliferator-activated receptor a-mediated antinociception independent of cannabinoid receptors, is increased by FAAH inhibition and produces antinociceptive synergism following coadministration with the opioid tramadol in the formalin test (Déciga-Campos et al., 2015) . Rodent models of neuropathic pain may differentially alter cannabinoid and m-opioid receptor distribution (Stevens et al., 1991; Mitrirattanakul et al., 2006; Bushlin et al., 2010) as well as endocannabinoid tone (Khasabova et al., 2012; Guindon et al., 2013) . Differences in endocannabinoid mobilization and/or cannabinoid or opioid receptor densities or efficacies following paclitaxel treatment could account for differences between pain models. We previously reported increases in mRNA for the chemokine MCP1 but no change in CB 1 or CB 2 mRNA in the lumbar spinal cord of paclitaxeltreated rodents during the maintenance phase of neuropathic pain (Rahn et al., 2014; Deng et al., 2015) . However, receptor and mRNA levels in other areas in the CNS and periphery have not been investigated. More work is necessary to characterize the impact of paclitaxel on the density and distributions of CB 1, CB 2 , and m-opioid receptors in this model. Interestingly, unilateral dorsal rhizotomy eliminates the vast majority of m-opioid receptors in the lumbar spinal cord, whereas a substantial population of CB 1 receptors, measured in adjacent sections, remain (Hohmann et al., 1999) . These observations suggest that the neural substrates that contain CB 1 and m-opioid receptors are not redundant and could provide a neuroanatomical basis for the antinociceptive synergism observed here. Moreover, both cannabinoid and m-opioid receptors are present in the periphery, where they have been localized to peripheral terminals of primary afferents and peripheral paw tissue (Richardson et al., 1998; Schmidt et al., 2012) and peripheral nerve fibers and endings (Hohmann and Herkenham, 1999a,b) . Intraperitoneal injection of CB 1 and m-opioid agonists is also antihyperalgesic (Kolesnikov et al., 1996; Fox et al., 2001; Nackley et al., 2003; Obara et al., 2004; Agarwal et al., 2007) . The CB 2 agonist AM1241 has been suggested to release the endogenous opioid b-endorphin in peripheral paw tissue (Ibrahim et al., 2005) . However, AM1241 did not elicit a m-opioid receptor-dependent antinociceptive effect in naïve rats evaluated for mechanical or thermal responsiveness (Rahn et al., 2010) . Bioactive lipid mediators generated by URB597 could produce CB 2mediated antiallodynic effects that contribute to URB597based synergy observed with morphine. CB 1 and m-opioid receptors have also been reported to heterodimerize (Hojo et al., 2008) , but the extent to which heterodimerization occurs in vivo and contributes to antinociceptive synergism remains unknown.
Both brain-permeant and -impermeant inhibitors of FAAH produced leftward shifts in the dose-response curve of morphine in reducing both paclitaxel-induced mechanical and cold allodynia, consistent with our findings of antinociceptive synergism. The adjunctive therapy reduced the dose of either compound needed to elicit an antiallodynic effect. Importantly, synergistic doses of either FAAH inhibitor did not enhance morphine-induced suppression of colonic motility or morphine-induced reductions in fecal boli number. This is in line with recent findings reporting that both CB 1 and CB 2 receptor agonists enhance morphine's therapeutic efficacy in reducing neuropathic pain (Wilkerson et al., 2016; Grenald et al., 2017) . Due to the large side effect profile of typical orthosteric CB 1 agonists, combining opioid-based therapies with inhibitors of FAAH may offer a superior therapeutic strategy with limited unwanted side effects and a morefavorable therapeutic ratio compared with combinations with orthosteric cannabinoid agonists, such as D 9 -tetrahydrocannabinol (Deng et al., 2015) . Because URB597 was not selfadministered in primates (Justinova et al., 2008) , we also postulate that it would be unlikely to enhance the rewarding effects of morphine.
Coadministration of D 9 -tetrahydrocannabinol and URB597 attenuates morphine tolerance in the tail-flick assay (Hasanein and Ghafari-Vahed, 2016; Zhang et al., 2016) . Similarly, a subthreshold dose of an MGL inhibitor with morphine sustains elevated antinociceptive effects that are greater than those produced by either compound delivered alone (Wilkerson et al., 2016) . Coadministration of a CB 2 agonist prevents morphine tolerance in the tail-flick test in tumorbearing rats (Zhang et al., 2016) , and a CB 2 agonist was recently shown to prevent morphine tolerance in reducing paclitaxel-induced neuropathic pain (Lin et al., 2018) potentially through alterations of endogenous tone of either system or changes in receptor expression (Cichewicz et al., 2001; Bushlin et al., 2010; Befort, 2015) . Our findings suggest that both brain-permeant and -impermeant inhibitors of FAAH reduce paclitaxel-induced neuropathic pain and produce antinociceptive synergism with morphine without exacerbating morphine-induced slowing of colonic transit. In conclusion, FAAH inhibitors produce opioid-sparing properties and may be clinically viable as a safe and effective adjunctive strategy, potentially reducing unwanted side effects of opioids through safer dosing regimens.
at ASPET Journals on February 16, 2020 jpet.aspetjournals.org Downloaded from
